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L6 ANSWER 1 OF 8 MEDLINE on STN DUPLICATE 1 

AN 2004155195 MEDLINE 
DN PubMed IDs 15047908 

TI Ala226 to Gly and Seri89 to Asp mutations convert rat 

chymotrypsin B to a trypsin-like protease. 
AU Jelinek Balazs; Antal Jozsef; Venekei Istvan; Graf Laszlo 
CS Biotechnology Research Group of the Hungarian Academy of 
Sciences . 

SO Protein Eng Des Sel, (2004 Feb) 17 (2) 127-31. Electronic 
Publication: 

2004-01-20. 

Journal code: 101186484. ISSN: 1741-0126. 
CY England: United Kingdom 
DT Journal; Article; (JOURNAL ARTICLE) 
LA English 
FS Priority Journals 
EM 200412 

ED Entered STN: 20040330 

Last Updated on STN: 2 0041222 
Entered Medline: 20041221 



AB In a previous successful attempt to convert trypsin to 
a chyme trypsin -like protease, 15 residues of trypsin 
were replaced with the corresponding ones in chymotrypsin. This 

suggests 

a complex mechanism of substrate recognition instead of a 
relatively 

simple one that only involves three sites, residues 189, 216 and 

226. 

However, both trypsin- ->elastase and chymotrypsin- -> 
trypsin conversion experiments carried out according to 
the complex model resulted in non-specific proteases with low 
catalytic 

activity. Chymotrypsin used in the latter studies was of B-type, 
containing an Ala residue at position 226. Trypsins, however, 
contain a 

conserved Gly at this site. The substantially decreased 
trypsin-like 

activity of the G22 6A trypsin mutant also suggests a 
specific role for this site in substrate binding. Here we' 

investigate the 

role of site 226 by introducing the A226G substitution into 
chymotrypsin- ->trypsin mutants which were 

constructed according to both the simple (S18 9D mutant) and the 
complex 

model (S(l) mutant) of specificity determination. The kinetic 
parameters 

show that the A226G substitution in the S(l) mutant increased the 
chymotiryp sin -like activity, while the trypsin 

-like activity did not change. In contrast, this substitution 
in the 

S189D chymotrypsin mutant resulted in a 100 -fold increase in 
trypsin-like 

activity and a trypsin-like specificity profile as tested on a 
competing 

oligopeptide substrate library. Additionally, the S18 9D+A226G 
mutant is the first trypsin-like chymotrypsin 
that undergoes autoactivation, an exclusive property of 
trypsinogen among 

pancreatic serine proteases. 

L6 ANSWER 2 OF 8 MEDLINE on STN DUPLICATE 2 

AN 1998420367 MEDLINE 
DN PubMed ID: 9749919 

TI Converting trypsin to elastase: substitution of the SI site and 
adjacent 

loops reconstitutes esterase specificity but not amidase 

activity. 

AU Hung S H; Hedstrom L 

CS Department of Biochemistry, Brandeis University, Waltham, MA 
02254-9110, 
USA. 

SO Protein engineering, (1998 Aug) 11 (8) 669-73. 



Journal code: 8801484. ISSN: 0269-2139. 
CY ENGLAND: United Kingdom 
DT Journal; Article; (JOURNAL ARTICLE) 
LA English 
FS Priority Journals 
EM 199811 ♦ § 

ED Entered STN: 19990115 

Last Updated on STN: 20000303 

Entered Medline: 19981130 
AB The conversion of trypsin into a protease with 

chymotrypsin-like activity and specificity required 

substitution of fifteen residues in the SI site and two surface 
loops with 

their chymotrypsin counterparts [Hedstrom,L. , Szilagyi^L. and 
Rutter^W.J. 

(1992) Science, 255, 1249-1253] . These residues may define a 
set of 

general structural determinants of specificity in the trypsin 
family. In 

order to test this hypothesis, we have attempted to convert 
trypsin into a protease with specificity for substrates 
containing 

small aliphatic residues by replacing the SI site and these 
surface loops 

with the analogous residues of elastase. Five elastase-like 
mutant 

enzymes were constructed with various combinations of these - 
substitutions . 

Four mutant enzymes catalyze the hydrolysis of 
MeOSuc-Ala-Ala-Pro-Ala-SBzl 

more efficiently than the hydrolysis of 
Suc-Ala-Ala-Pro-Phe-SBzl . This 

observation indicates that the mutant enzymes have elastase-like 
esterase 

specificity. The best mutant, Tr-->El-2, is a more specific 
esterase than 

elastase: the ratio of the values of . kcat/Km f or 
MeOSuc-Ala-Ala-Pro-Ala- 

SBzl and Suc-Ala-Ala-Pro-Phe-SBzl is greater than 160 for 
Tr-->El-2 and 50 

for elastase. However, the esterase activity of Tr-->El-2 is 
300-fold 

less than elastase; in addition, Tr-->El-2 has no measurable 
amidase 

activity. Thus these substitutions do not construct a protease 

with 

elastase-like activity. These experiments indicate that a unique 
structural solution is required for each different specificity. 

Previous 

work suggested that instability of the SI site is a major 

barrier to 

redesigning the specificity of trypsin. This view is 
corroborated by 



preliminary structural studies of Tr-->El-2. One dimensional IH 

NMR 

spectrum of Tr-->El-2 suggests that the SI site and the two 
surface loops 

of this mutcuit trypsin may be disordered. 

L6 ANSWER 3 OF 8 CAPLUS COPYRIGHT 2005 ACS on STN 
AN 1997:481141 CAPLUS 
DN 127:187447 

TI Converting trypsin to chyme trypsin: Structural 

determinants of SI' specificity 
AU Kurth; Torsten; Ullmann, Dirk; Jakubke, Hans-Dieter; Hedstrom, 

Lizbeth 

CS Department of Biochemistry, Brandeis University, Waltham, MA, 
02254, USA 

SO Biochemistry (1997), 36(33), 10098-10104 

CODEN: BICHAW; ISSN: 0006-2960 
PB American Chemical Society 
DT Journal 
LA English 

AB Trypsin and chyme trypsin differ strikingly in 

substrate specificities despite great similarity in their primary 

and tertiary structures. This work analyzes the role of 2 
.surface loops, 

loop 40 and loop 60, as structural determinants of the 
specificity of the 

Sl'-subsite in chymotrypsin and trypsin. 

Chymotrypsin prefers PI' Arg/Lys residues, whereas trypsin 
prefers hydrophobic PI' residues. Here, loops 40 and 60 were 

replaced in 

trypsin with their chymotrypsin counterparts. These 
mutations did not affect the SI specificity and catalytic 
activity of 

trypsin. The SI' specificity was analyzed by monitoring 

acyl-transf er 

reactions to 16 amino acid amides. The exchange of loop 40 did 

not affect 

the SI' specificity. In contrast., the replacement of loop 60 
caused a 

loss of specificity for PI • -Met/Ile/Leu. Combining both 
mutations 

reconstituted a chymotrypsin- like SI' specificity. The 
specificity for 

Arg-NH2 increased 3 -fold, whereas the preferences for Met-NH2 
and Ile-NH2 

decreased 4- and 8- fold, resp. Therefore, Pl'-Arg/Met 

discrimination 

changes by. a factor of 12 and Pl'-Arg/Ile discrimination changes 

by a 

factor of 24. Thus, loop 40 and loop 60 act synergistically to 
determine SI ' 

specificity in trypsin and chymotrypsin. 
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L6 ANSWER 4 OF 8 MEDLINE on STN 

AN 96184403 MEDLINE 
DN PubMed ID: 8612781 

TI Attempts to convert chymotrypsin to trypsin. 

CM Republished from: FEBS Lett- 1996 Jan 29;379 (2) :143-7 . PubMed 

ID: 8635580 

AU Venekei 1/ Szilagyi L; Graf L; Rutter W J 

CS University of California, San Francisco, Hormone Research 

Institute, USA. 

NC DK21344 (NIDDK) 

SO FEBS letters, (1996 Mar 25) 383 (1-2) 143-7. 
Journal code: 0155157. ISSN: 0014-5793. 

CY Netherlands 

DT (CORRECTED AND REPUBLISHED ARTICLE) 
Journal; Article; (JOURNAL ARTICLE) 
LA English 
FS Priority Journals 
EM 199606 

ED Entered STN: 19960613 

Last Updated on STN: 20010625 
Entered Medline : 19960606 

AB Trypsin and chymotrypsin have specificity pockets of 

essentially the same geometry, yet trypsin is specific for basic 
while chymotrypsin for bulky hydrophobic residues at the PI site 
of the substrate. A model by Steitz, Henderson and Blow 

suggested the 

presence of a negative charge at site 189 as the major 
specificity 

determinant: Aspl89 results in tryptic, while the lack of it 
chymotryptic 

specificity. However, recent mutagenesis studies have shown 
that a 

successful conversion of the specificity of trypsin to 
that of chymotrypsin requires the substitution of amino acids at 
sites 138, 172 and at thirteen other positions in two surface 
loops, that 

do not directly contact the substrate. For further testing the 
significance of these sites in substrate discrimination in 
trypsin and chymotrypsin, we tried to change the 
chymotrypsin specificity to trypsin-like specificity by 
introducing reverse substitutions in rat chymotrypsin- We 
report here 

that the specificity conversion is poor: the Serl89Asp mutation 
reduced 

the activity but the specificity remained chymotrypsin 
-like; on further substitutions the activity decreased further 
on both 

tryptic and chymotryptic substrates and the specificity was lost 
or became 



slightly trypsin-like . Our results indicate that in addition to 
structural elements already studied, further (chymotrypsin) 
specific sites 

have to be mutated to accomplish a chymotrypsin 
trypsin specificity conversion. 

L6 ANSWER 5 OF 8 MEDLINE on STN 

AN 96225958 MEDLINE 
DN PubMed ID: 8635580 

TI Attempts to convert chymotrypsin to trypsin. 

CM Republished in: FEES Lett. 1996 Mar 25;383 (1-2) :143-7 . PubMed 
ID: 8612781 

AU Venekei I; Szilagyi L; Graf L; Rutter W J 

CS University of California, Hormone Research Institute, San 

Francisco, USA. . 

veheki@ludens . elte.hu 
NC DK21344 (NIDDK) 

SO FEES letters, (1996 Jan 29) 379 (2) 143-7. 

Journal code: 0155157. ISSN: 0014-5793. 
CY Netherlands 

DT Journal; Article; (JOURNAL ARTICLE) 

LA English 

FS Priority Journals 

EM 199607 

ED Entered STN: 19960719 

Last Updated on STN: -20010625' 
Entered Medline: 19960705 

AB Trypsin and chymotrypsin have specificity pockets of 

essentially the same geometry, yet trypsin is specific for basic 
while chymotrypsin for bulky hydrophobic residues at the PI site 
of the substrate. A model by Steitz, Henderson and Blow 

suggested the 

presence of a negative charge at site 189 as the major 
specificity. 

determinant: Aspl8 9 results in tryptic, while the lack of it 
chymotryptic 

specificity. However, recent mutagenesis studies have shown 

that a 

successful conversion of the specificity of trypsin to 
that of chymotrypsin requires the substitution of amino acids at 
sites 138, 172 and at thirteen other positions in two surface 
loops, that 

do not directly contact the substrate. For further testing the 
significance of these sites in substrate discrimination in 
trypsin and chymotrypsin, we tried to change the 
chymotrypsin specificity to trypsin-like specificity by 
introducing reverse substitutions in rat chymotrypsin. We 
report here 

that the specificity conversion is poor: the Serl8 9Asp mutation 
reduced 

the activity but the specificity remained chymotrypsin 
-like; on further substitutions the activity decreased further 
on both 



tryptic and chymotryptic substrates and the specificity was lost 
or became 

slightly trypsin- like . Our results indicate that in addition to 
structural elements already studied, further (chymo trypsin) 
specific sites 

have to be mutated to accomplish a chyiiiotrypsin--> 
trypsin specificity conversion. 

L6 ANSWER 6 OF 8 MEDLINE on STN DUPLICATE 3 

AN 94312389 MEDLINE 
DN PubMed ID: 8038166 

TI Converting trypsin to chymotrypsin: ground- state 
binding does not determine substrate specificity. 
AU Hedstrom L; Farr- Jones S; Kettner C A; Rutter W J 
CS Graduate Department of Biochemistry, Brandeis University, 

Walt ham, 

Massachusetts 02254. 
NC DK21344 (NIDDK) 

SO Biochemistry, (1994 Jul 26) 33 (29) 8764-9. 

Journal code: 0370623. ISSN: 0006-2960. 
CY United States 

DT Journal; Article; (JOURNAL ARTICLE) 

LA English 

FS Priority Journals 

EM 199408 

ED Entered STN: 19940905 

Last Updated on STN: 19940905 

Entered Medline: 19940825 
AB Rat trypsin II has been converted to a protease with 

chymotrypsin- like substrate specificity [Hedstrom, L., 

et al. (1994) Biochemistry (preceding, paper in this issue)]. 
The key 

alteration in this conversion is the exchange of two surface 
loops for the 

analogous loops of chymotrypsin. k(inact)/Ki for the 
inactivation of 

chymotrypsin, trypsin, a trypsin 

mutant with poor activity (D189S) , and the 

chymotrypsin- like mutants Tr-->Ch [S1+L1+L2] and 

Tr-->Ch [S1+L1+L2+Y172W] by Suc-Ala-Ala-Pro-Phe-chloromethylketone 

correlates with kcat/Km for hydrolysis of 
Suc-Ala-Ala-Pro-Phe-AMC. 

k(inact)'s for the inactivation of Tr-->Ch [S1+L1+L2] and 

Tr-->Ch[Sl+Ll+L2+Y172W] are comparable to that of chymotrypsin, 
while Ki ' s 

were much higher. Ki for the inhibition of these enzymes by the 

transition- state analog MeOSuc-Ala-Ala-Pro-boro-Phe also 
correlates with 

kcat/Km for hydrolysis of Suc-Ala-Ala-Pro-Phe-AMC . These 
results suggest 

that the surface loops stabilize the transition state for 
hydrolysis of 



chymo trypsin substrates by improving the orientation of 
bound substrates relative to the catalytic residues. Lastly, 
trypsin and chymotrypsin have comparable affinities for 
proflavin, while the Kd for the 

Tr-->Ch[Sl+Ll+L2+yi72W] -proflavin complex 

is 10 -fold higher. . No proflavin binding could be observed for 

either 

D189S or Tr-->Ch- [S1+L1+L2] , which suggests that the SI binding 
pockets of 

these two mutant enzymes are deformed. This work confirms that 
enzyme 

specificity is expressed in the chemical steps of the reaction 
rather than 

in substrate binding. 

L6 ANSWER 7 OF 8 MEDLINE on STN DUPLICATE 4 

AN 94312388 MEDLINE 
DN PubMed ID; 8038165 

TI Converting trypsin to chymotrypsin: residue 172 is a 

substrate specificity determinant. 
AU Hedstrom L; Perona J J; Rutter W J 

CS Graduate Department of Biochemistry, Brandeis University, 
Waltham, 

Massachusetts 02254. 
NC DK21344 (NIDDK) 

GM13818-03 (NIGMS) 
SO Biochemistry, (1994 Jul 26) 33 (29) 8757-63. 

Journal code :. 0370623 . ISSN: 0006-2960. 
GY United States 

DT Journal; Article; (JOURNAL ARTICLE) 

LA English 

FS Priority Journals 

EM 199408 

ED Entered STN: 19940905 

Last Updated on STN: 19940905 

Entered Medline: 19940825 
AB Trypsin and chymotrypsin have very similar tertiary 

structures, yet very different substrate specificities- Recent 

site-directed mutagenesis studies have shown that mutation of 
the residues 

of the substrate binding pocket of trypsin to the analogous 
residues of chymotrypsin does not convert 
trypsin into a protease with chymotrypsin- like 
specificity. However, chymotrypsin- like substrate 
specificity is attained when two surface loops are changed to the 
analogous residues of chymotrypsin, in conjunction with the 
changes in the 

SI binding site [Hedstrom, L,, Szilagyi, L., & Rutter, W. J. 
(1992) 

Science 255, 1249-1253). This mutant enzyme, Tr-->Ch[Sl+Ll+L2] , 

is 

improved to a protease with 2-15% of the activity of 



chymotrypsin by the mutation of Tyrl72 to Trp. Residue 172 
interacts synergistically with the residues of the substrate 
binding 

pocket and the loops to determine substrate specificity. 
Further, these 

' trypsin mutants demonstrate that substrate specificity 
is determined by the rate of catalytic processing rather than by 
substrate 

binding, 

L6 ANSWER 8 OF 8 CAPLUS COPYRIGHT 2 005 ACS on STN 
AN 1992:422402 CAPLUS 
DN 117:22402 

TI Converting trypsin to chymotrypsin: the role of 
surface loops 

AU Hedstrom, Lizbeth/ Szilagyi, Laszlo; Rutter, William J. 
CS Horm. Res. Inst,, Univ. California, San Francisco, CA, 
94143-0534, USA 

SO Science (Washington, DC, United States) (1992), 255(5049), 
1249-53 

CODEN: SCIEAS/ ISSN: 0036-8075 
DT Journal 
LA English 

AB Trypsin (Tr) and chymotrypsin (Ch) have similar 

tertiary structures, yet Tr cleaves peptides at arginine and 
lysine 

residues and Ch prefers large hydrophobic residues. Although 
replacement 

of the SI binding site of Tr with the analogous residues of Ch is 
sufficient to transfer Ch specificity for ester hydrolysis, 
specificity 

for amide hydrolysis is not transferred. Trypsin is 
converted to a Ch-like protease when the binding pocket 
alterations are further modified by exchange of the Ch surface 
loops 185 

through 188 and 221 through 225 for the analogous Tr loops. 
These loops 

aire not structural components of either the SI binding site or 

the 

extended substrate binding sites. This mutant enzyme is 
equivalent to Ch in 

its catalytic rate, but its substrate binding is impaired. Like 
Ch, this ^ 

mutant utilizes extended substrate binding to accelerate 
catalysis, and 

substrate discrimination occurs during the acylation step rather 
than in 

substrate binding. 
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AM: 1 Review: 0 M 

D 1: Biochemistry. 1994 Jul 26;33(29):8757-63. Related Articles, Links 

Converting trypsin to chy mo trypsin: residue 172 is a substrate 
specificity determinant. 

Hedstrom L. Perona JJ . RutterWJ . 

Graduate Department of Biochemistry, Brandeis University, Waltham, 
Massachusetts 02254. 

Trypsin and chymotrypsin have very similar tertiary structures, yet 
very different substrate specificities. Recent site-directed mutagenesis 
studies have shown that mutation of the residues of the substrate 
binding pocket of trj^sin to the analogous residues of chymotrypsin 
does not convert trypsin into a protease with chymotrypsin-like 
specificity. However, chymotr5^sin-like substrate specificity is 
attained when two surface loops are changed to the analogous residues 
of chymotrypsin, in conjunction with the changes in the SI binding 
site [Hedstrom, L., Szilagyi, L., & Rutter, W. J. (1992) Science 255, 
1249-1253). This mutant enzyme, Tr~>Ch[Sl+LH-L2], is improved 
to a protease with 2-1 5% of the activity of chymotrypsin by the 
mutation of Tyrl72 to Trp. Residue 172 interacts synergistically with 
the residues of the substrate binding pocket and the loops to determine 
substrate specificity. Further, these trypsin mutants demonstrate that 
substrate specificity is determined by the rate of catalytic processing 
rather than by substrate binding. 
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Converting trypsin to chymotrypsin: ground-state binding does 
not determine substrate specificity. 

Hedstrom L . Farr-Jones S. Kettner CA . Rutter WJ . 

Graduate Department of Biochemistry, Brandeis University, Waltham, 
Massachusetts 02254. 

Rat trypsin II has been converted to a protease with chymotrypsin-like 
substrate specificity [Hedstrom, L., et al. (1994) Biochemistry 
(preceding paper in this issue)]. The key alteration in this conversion 
is the exchange of two surface loops for the analogous loops of 
chymotrypsin. k(inact)/Ki for the inactivation of chymotrypsin, 
trypsin, a trypsin mutant with poor activity (D189S), and the 
chymotrypsin-like mutants Tr— >Ch[Sl+Ll+L2] and Tr~>Ch 
[S1+L1+L2+Y172W] by Suc-Ala-Ala-Pro-Phe-chloromethylketone 
correlates with kcat/Km for hydrolysis of Suc-Ala-Ala-Pro-Phe-AMC. 
k(inact)'s for the inactivation of Tr->Ch[S 1 +L 1 +L2] and Tr->Ch 
[S1+L1+L2+Y172W] are comparable to that of chymotrypsin, while 
Ki's were much higher. Ki for the inhibition of these enzymes by the 
transition-state analog MeOSuc-Ala-Ala-Pro-boro-Phe also correlates 
with kcat/Km for hydrolysis of Suc-Ala-Ala-Pro-Phe-AMC. These 
results suggest that the surface loops stabilize the transition state for 
hydrolysis of chymotrypsin substrates by improving the orientation of 
bound substrates relative to the catalytic residues. Lastly, trypsin and 
chymotrypsin have comparable affinities for proflavin, while the Kd 
for the Tr~>Ch[Sl+Ll+L2+Y172W]-proflavin complex is 10-fold 
higher. No proflavin binding could be observed for either D189S or 
Tr~>Ch-[Sl+Ll+L2], which suggests that the SI binding pockets of 
these two mutant enzymes are deformed. This work confirms that 
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Converting trypsin to elastase: substitution of the SI site and 
adjacent loops reconstitutes esterase specificity but not amidase 
activity 



Su-Hwi Hung^ and Lizbeth Hedstrom^ 

Department of Biochemistry, Brandeis University, Waltham, 
MA 02254-9110, USA 

'Present address: Department of Biochemistry and Molecular Biology, 
University of Florida, Gainesville. FL 32610, USA 

^To whom correspondence should be addressed 

The conversion of trypsin into a protease with chymotryp- 
sin-like activity and specificity required substitution of 
fifteen residues in the SI site and two surface loops with 
their chymotrypsin counterparts [Hedstrom,L., Szilagyi,L. 
and RuttenWJ. (1992) Science, 255, 1249-1253]. These 
residues may define a set of general structural determinants 
of specificity in the trypsin family. In order to test this 
hypothesis, we have attempted to convert trypsin into a 
protease with specificity for substrates containing small 
aliphatic residues by replacing the SI site and these surface 
loops with the analogous residues of elastase. Five elastase- 
fike mutant enzymes were constructed with various com- 
binations of these substitutions. Four mutant enzymes 
catalyze the hydrolysis of MeOSuc-Ala-Ala-Pro-Ala-SBzl 
more efficiently than the hydrolysis of Suc-Ala-Ala-Pro- 
Phe-SBzl. This observation indicates that the mutant 
enzymes have elastase-like esterase specificity. The best 
mutant, Tr^El-2, is a more specific esterase than elastase: 
the ratio of the values of k^^^xlK^ for MeOSuc-Ala-Ala-Pro- 
Ala-SBzI and Suc-Ala-Ala-Pro-Phe-SBzl is greater than 
160 for Tr->El-2 and 50 for elastase. However, the esterase 
activity of Tr^El-2 is 300-fold less than elastase; in addi- 
tion, Tr-^El-2 has no measurable amidase activity. Thus 
these substitutions do not construct a protease with elastase- 
Uke activity. These experiments indicate that a unique 
structural solution is required for each different specificity. 
Previous work suggested that instability of the SI site is a 
major barrier to redesigning the specificity of trypsin. This 
view is corroborated by preliminary structural studies of 
Tr->El-2. One dimensional NMR spectrum of Tr^El-2 
suggests that the SI site and the two surface loops of this 
mutant trypsin may be disordered. 
Keywords', substrate specificity/serine protease 



Introduction 

A major goal in protein engineering is to understand how 
structure determines function. The trypsin family of serine 
proteases is an ideal system to address this problem. The 
catalytic mechanism of these enzymes is well characterized 
and many X-ray crystal structures of the trypsin family are 
also available (Steitz et ai, 1969; Ruhlmann et aL, 1973; 
Stroud et al., 1974; Sweet et al, 1974; Bode et al, 1989; 
Polgar, 1989). Trypsin, chymotrypsin and elastase have similar 
tertiaiy stmctures but very different substrate specificities. 
Trypsin is specific for substrates containing Lys/Arg in the PI 
position; Asp 189 is present at the bottom of the SI site 



(nomenclature of Schechter and Berger, 1 967; chymotrypsin- 
ogen numbering). Chymotrypsin is specific for substrates 
containing Tyr/PheA'rp in the PI position; residue 189 is Ser 
in the SI site of chymotrypsin. Elastase is specific for substrates 
containing AlaA^ad in the PI position; its SI site is occluded 
by the side chains of Val216 and Thr226 (both residues are 
Gly in trypsin and chymotrypsin). These observations suggest 
that the specificity of enzymes in the trypsin family is deter- 
mined by the residues at position 189, 216 and 226. However, 
the substitution of these residues in trypsin with analogous 
residues in chymotrypsin fails to transfer chymotrypsin-like 
activity to trypsin (Hedstrom et ai^ 1992); the conversion of 
trypsin into a protease with chymotiypsin-like specificity 
requires substitution of the residues which comprise the SI 
site and more distal structural elements (Hedstrom, 1996). 
Thus the specificity of trypsin is governed by a network of 
structural interactions. 

The S 1 sites of these enzymes are formed by residues 1 89- 
195, 214-220 and 225-228. Four SI site residues differ 
between trypsin and chymotrypsin: 189, 192 (Gbi in trypsin 
and Met in chymotrypsin), 217 {Jyx in tryspin and Ser 
in chymotrypsin) and 219 (absent in trypsin and Thr in 
chymotrypsin). In addition, Ser 190 extends into the SI site of 
trypsin but points out. of the SI site of chymotrypsin, where 
it forms a hydrogen bond with Thr 138 (residue 138 is He in 
tryspin). Substitution of these residues is also not sufficient to 
convert trypsin into a protease with chymotrypsin-like specifi- 
city (Hedstrom et al, 1992). However, tiypsin is converted 
into a protease with chymotrypsin-like specificity when two 
surface loops are substituted with the corresponding residues 
of chymotrypsin in addition to the substitution of the residues 
comprising the SI site (Hedstrom et al, 1992). These loops 
connect the walls of the SI site: loop 1 contains residues 185- 
188 and loop 2 contains residues 221-224. The mutant trypsin 
which contains all of these substitutions (Tr->Ch[Sl +LI +L2]) 
has 0.1-1% of the activity of chymotrypsin (Hedstrom et al, 
1994). Chymotrypsin-like activity is fUrther improved by the 
substitution of residue 172: TyrI72 forms hydrogen bonds to 
the carbonyl of Pro225 and the amide proton of Tyr217 
in trypsin while Trpl72 forms a single hydrogen bond 
to Pro225 in chymotrypsin. This trypsin mutant, 
Tr->Ch[Sl+Ll+L2+Y172W], has 10% of the activity of 
chymotrypsin. The structure of Tr->Ch[Sl+Ll +L2] 
resembles chymotrypsin, although loop 1 and much of loop 2 
are disordered (Perona et al, 1995). While the structure 
of Tr-^Ch[Sl+Ll+L2+Y172W] displays significantly more 
order than in Tr-^Ch[Sl +L1 +L2], disorder is still observed 
in loop 1. The instability of loop I may prevent 
Tr^Ch[Sl + Ll+L2+YI72W] ft-om attaining the same activ- 
ity as chymotrypsin. Importandy, both of these crystal structures 
utilized chloromethylketone inactivated enzymes. The observa- 
tion of disorder even in the presence of an inhibitor suggests 
that loop 1 is even less structured in the unliganded enzyme; 
this disorder may even extend to loop 2 and the SI site. The 
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Structure of Tr^Ch[Sl +L1 +L2+ Y172W] also suggested that 
loops 1 and 2 control the conformation of Gly216. The 
carbonyl of this residue forms a hydrogen bond to the NH of 
the P3 residue. Thus the conformation of Gly216 may be 
important in mediating the interactions of the SI and S3 sites. 

The residues of the SI site, loops 1 and 2, and residue 172 
define the set of structural elements required to change trypsin 
into a protease with chymotrypsin-like activity. In this paper, 
we test whether these structural elements are general determin- 
ants - of specificity by replacing them with their elastase 
counterparts. The resulting enzymes have elastase-like esterase 
specificity, although they are not as active as elastase and do 
not possess measurable amidase activity. These results indicate 
that elastase specificity is determined by a different set of 
structural features, and suggests that each specificity requires 
a unique structural solution. 

Materials and methods 

Materials 

Methoxy-succinyl-alanyl-alanyl-prolyl-alanine thiobenzylester 
(MeOSuc-AAPA-SBzl) was purchased firom Enzyme Systems 
Products (Livermore, CA). Succinyl-alanyl-alanyl-prolyl- 
phenylalanine thiobenzylester (Suc-AAPF-SBzl), N-(carbo- 
benzoxy) lysine thiobenzylester (Cbz-Lys-SBzl) and 4,4'- 
dithiodipyridine were purchased from Sigma Chemical 
Co. Acetyl-alanyl-alanyl-prolyl-alanine-7-amido-4-methyl- 
coumarin (Ac-AAPA-AMC) were purchased from Bachem 
Bioscience Inc. 

Construction of mutants 

Mutants of rat trypsinogen II were constructed using the 
method of Kunkel as previously described (Kunkel, 1985; 
Hedstrom et al, 1992). All mutants were completely sequenced 
to confirm that only the desired mutations are introduced. 

Expression and purification of mutant trypsins 
Recombinant rat trypsinogen II was produced as an a-factor 
fusion protein in a Saccharomyces cerevisiae expression system 
from the pYT plasmid, which contains the ADH/GAPDH 
promoter and a-factor leader sequence fused to the trypsinogen 
coding sequences (Hedstrom et al, 1992). Mutant trypsinogens 
were purified from the culture media by cation exchange 
chromatography using a Toyopearl 650M column (Suppelco) 
with gradient of 100 mM AcOH/2 mM NaOAc (buffer A) to 
100 mM Tris-HCI, pH 8.0 (buffer B). Trypsinogen was 
activated by addition of enterokinase and chromatographed on 
POROS HQ column (PerSeptive Biosystems) using the Biocad 
Sprint Perfusion Chromatography System. Trypsin mutants 
were stored in 1 mM HCl and 10 mM CaCl: at 4*'C. 

Activity of mutant trypsins 

Hydrolysis of MeOSuc-AAPA-SBzl, Suc-AAPF-SBzl and 
Cbz-K-SBzl was monitored spectrophotometrically in the 
presence of 4,4 '-dithiodipyridine (£324 = 19.8 mM"^ cm"^) 
using a Hitachi U2000 spectrophotometer as previously 
described (Hedstrom et ai, 1994). Hydrolysis of Ac-AAPA- 
AMC was monitored fluorometrically, with excitation wave- 
length at 380 nm and emission wavelength at 460 nm using a 
PerSeptive Biosystems CytoFluor Multi-Well Reader, Series 
400. Assay mix contained 10 mM CaCl2, 0.1 M NaCl and 
50 mM HEPES, pH 8.0. The kinetic data were analyzed using 
KinetAsyst software. 
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Fig. 1. Alignment of the SI site and loops 1 and 2 in trypsin, 
chymotrypsin, elastase and trypsin mutants. Chymotrypsin numbering is 
used; (.) denote identity with rat trypsin II, and (-) denote gaps in the 
sequence. The residues of the SI site are shown in capital letters. Loops 1 
and 2 are identified by the dashed lines. Underlined lettering marks the 
changes between a mutant en2;yme and its parent 

NMR spectroscopy of mutant tryspins 
One dimensional *H-NMR spectra of mutant trypsins were 
recorded on a Bruker AMX-500 spectrometer. Samples 
contained Tr-^El-2 or Serl 95 Ala (0.5 and 1 .0 mM respectively) 
in 10% D2O, 10 mM CaCl2 and 10 mM deuterated Tris-HCI, 
pH 8.0. The activity of Tr— >El-2 is stable over the course of 
measurement. However, wild-type trypsin degraded under 
these experimental conditions; therefore an inactive mutant, 
Serl 95 Ala, was used as a wild-type reference. The data were 
processed using the program Felix 95 (Biosym/MSI, CA). 

Results and discussion 

Construction, expression and purification of mutant trypsins 
Five mutants of rat trypsin II were constructed with the 
goal of converting trypsin into a protease with elastase- 
like specificity (Figure 1). These mutants contained different 
combinations of substitutions at the SI site, residues 138 and 
172 and loops 1 and 2. Tr^Ch[Sl+Ll+L2+Y172W] was 
used as the parent because it already contained several of the 
required mutations (e.g., Aspl89Ser, Tyr217Ser and 
Tyrl72Trp). Tr-»E1-1 is designed to test the role of loops 1 
and 2 by replacing the chymotrypsin-like loops of 
Tr->Ch[Sl+Ll+L2+Y172W] with the analogous sequences 
of elastase (Figure 1). Tr->El-2 is designed to imitate the 
occluded SI site of elastase with the addition of Gly216Val 
and Gly226Thr to the modifications of Tr->El-l (Figure 1). 
The SI site of Tr— >El-2 was ftirther modified to produce 
Tr->El-3, Tr^El-4 and Tr^El-5. Tr-4El-5 contains elastase- 
like substitutions which correspond to all of the modifications 
required to convert trypsin into an enzyme with chymotrypsin- 
like activity. If these residues define the structural determinants 
of specificity in the trypsin family of serine proteases, Tr— >El-5 
will possess elastase-like specificity. 

All of the mutant enzymes were produced as 2ymogens in 
a Saccharomyces cerevisiae expression system and activated 
by enterokinase as described previously (Hedstrom et ai, 
1994). Unlike previous mutants, the elastase-like enzymes do 
not bind to SBTI resin. Therefore, the elastase-like enzymes 
were purified using anion exchange chromatography. Enzyme 
concentration was determined by titration with p-nitrophenyl 
p'-guanidinobenzoate. The mutant enzymes were stable in 
I mM HCl, 10 mM CaCl2, and did not autodegrade. 
Criteria for characterization of elastase-like activity 
Amide hydrolysis is generally more demanding, and more 
specific, than ester hydrolysis (Hedstrom et al, 1992). For 
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Fig. 2. Onc-dimcnsional 'H NMR spectra (500 MHz) of rat trypsin and Tr->El-2. The Serl95Ala mutant of trypsin was used in these experiments to avoid 
autodegradation. The sample contained 0.9 mM enzyme in 10% D2O, 10 mM CaCl2 and 10 mM Tris, pH 8.0. The sample of Tr^EI-2 contained 0.5 mM of 
enzyme in 10% D2O, 10 mM deuterated Tris, 10 mM CaC!2, pH 8.0. Water suppression was achieved with 10"^ s presaturation pulse. Sweep width was 7042 
Hz. fid's (512 scans and 4096 data points) were obtained at temperature of 25°C. (a) Top panel is Tr->El-2 at 7.6-11.2 p.p.m. range and bottom panel is 
trypsin at the same range, (b) Top panel is Tr-»El-2 at 0.5 to - 1.5 p.p.m. range arid bottom panel is trypsin at the same range. 



Table I. 


Specificity of trypsin, elastase and elastase-like mutants 








Enzyme 


W^m (M-'s-') 










MeoSuc-AAPA-SBzl Suc-AAPF-SBzl 


Ala:Phe 


Cbz-K-SBzl 


Ac-AAPA-AMC 



Elastase 
Trypsin 
Chymotiypsin 

Tr-^Ch[Sl+Ll+L2+Y172W] 

Tr^El-l 

Tr^El-2 

Tr->E1.3 

Tr-4El-4 

Tr-^El-5 



7X10^'> 
6.7X10^ 
1.5X10^ 
2.2 XIO'^ 
3.1X10^ 
2.6X10^ 
2.5X10^ 



[1] 

[0.01] 
[0.7] 
[0.2] 
[0.02] 
[0.003] 
[3X10-^1 
[3X10^ 



4.5X10^'' [5X10-^] 



1.8X10^ 
7.0X10^ 

6.0X10<* 

<20 
<20 
<8 
<40 



[I] 
[4] 
[40] 
[100] 

[7] 

[<10-3] 

[<io-^ 

[<0.001] 
[<0.0002] 



0.02 

10 

4 

40 

5 

<0.006 
<0.08 
<0.03 
<0.09 



1.5X10^ 
1.4X10' 
9X103'' 
1.0X10* 
2.2X10^ 
< 
<1 
<90 
<20 



[1] 

[10^] 

[0.6] 

[0.7] 

[0.01] 

[<0.0003] 

[<10-3] 

[<0.006] 

[<10-*] 



3.8X10* [1] 

2.5X10-2'' [<10'^] 

1.2*^ [0.00003] 

18 ± 3 [0.00005] 

<10-2 [<10-*] 

<10-2 [<10-*] 
n.d, 
n.d. 
n.d. 



Conditions as described in Materials and methods. The brackets contain the activity relative to elastase. Ala:Phe, ratio of the value of k^^lK^ for the 
hydrolysis of McoSuc-AAPA-SBzl to that of Suc-AAPF-SBzl. n.d., no data. Error is less than 10% unless otherwise noted. 
"Data from Hcdstrom et aL 1992, *'30% error. ^=50% error. 



example, tlie transfer of chymotiypsin-like esterase activity 
into ^psin requires only the substitution of Asp 189 with Ser; 
more extensive substitutions do not alter esterase activity 
(Hedstrom et ai, 1992, 1994). In contrast, the transfer of 
chymotrypsin-like amidase activity requires fifteen substitu- 
tions. Therefore two substrates were chosen to assess elastase- 
like specificity: an amide, Ac-AAPA-AMC, and an ester, 
MeOSuc-AAPA-SBzl (Table I). 

Only elastase efficiently hydrolyzed Ac-AAPA-AMC 
(Table I). Therefore the hydrolysis of Ac-AAPA-AMC can be 
used to monitor the transfer of elastase-like amidase activity. 



However, the hydrolysis of Ac-AAPA-AMC by elastase is 10- 
fold less efficient than the hydrolysis of Suc-AAPF-AMC by 
chymotrypsin as measured by KJK^. This observation indi- 
cates that it will be more difficult to detect elastase-like activity 
in the mutant enzymes than to detect chymotrypsin-like activity 
in our previous experiments (Hedstrom et al, 1994). 

In contrast, the value of k^JK^ for the hydrolysis of 
MeOSuc-AAPA-SBzl by elastase is similar to that for hydro- 
lysis by chymotrypsin, and only 1 00-fold greater than that by 
trypsin. These observations indicate that the increase in 
KJ^m for the hydrolysis of MeOSuc-AAPA-SBzl will not be 
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a reliable measure of elastase-like activity. This lack of 
discrimination among these enzymes probably results from the 
high reactivity of the thiobenzyl ester and the ability of the 
PI Ala residue to bind in the larger SI sites of chymotrypsin 
and trypsin. This hypothesis is substantiated by the monitoring 
the hydrolysis of Suc-AAPF-SBzl and Cbz-K-SBzl. While 
these compounds are very good substrates of chymotrypsin 
and trypsin respectively, they are rather poor substrates of 
elastase. The value of k^J^m for hydrolysis of MeOSuc- 
AAPA-SBzl by elastase is 50-fold greater than those for the 
hydrolysis of Suc-AAPF-SBzl and Z-Lys-SBzl. This discrim- 
ination probably results from the inability of the smaller SI 
site of elastase to accommodate PI Phe and Lys residues. 
These observations suggest that elastase-like specificity may 
be assessed by monitoring the ratios oik^^^jK^ for the hydrolysis 
of MeOSuc-AAPA-SBzl and Suc-AABF-SBzl. 

Elastase-like esterase specificity can be transferred to trypsin 

Since esterase activity is more easily transferred than amidase 
activity, the ability of the five elastase-like mutant enzymes to 
hydrolyze MeOSuc-AAPA-SBzl, Suc-AAPF-SBzl and Cbz-K- 
SBzl was assessed first. The values of KJK^ for the hydrolysis 
of MeOSuc-AAPA-SBzl are at least 300-fold less than that of 
elastase. Thus, we have not been able to construct a trypsin 
mutant with esterase activity comparable to elastase. 

Tr->E1-1 has the highest KJK^ for the hydrolysis of 
MeOSuc-AAPA-SBzL This enzyme also efficiently hydrolyzes 
Suc-AAPF-SBzl and Cbz-K-SBzl, although the values oik^xl 
Ky^ for these substrates are 50-fold less than the parent enzyme 
Tr^Ch[Sl+Ll+L2+Y172W]. Thus Tr->E1-1 is a non- 
specific esterase. This result is expected since Tr^El-1 does 
not contain the substitutions which occlude the SI site. 
Nevertheless, the ratio of ^ca/^m for the Ala and Phe changes 
from 1:40 for the parent enzyme to 1:5 for Tr— >E1-1. These 
observations indicate that substitution of loops 1 and 2 with 
their elastase counterparts selectively decreases the hydrolysis 
of substrates containing PI -Phe relative to PI -Ala residues. 

The presence of the Gly216Val and Gly226Thr mutations 
should occlude the SI site of Tr^El-2, fiirther discriminating 
against substrates containing PI -Phe. Table I shows that this 
result is observed. The value of k^^JK^ for the hydrolysis of 
MeOSuc-AAPA-SBzl by Tr^El-2 is 8-fold less than by 
Tr— ^EM, while the value of k^JK^ for the hydrolysis of 
Suc-AAPF-SBzl decreases by 6000-fold. Thus the esterase 
specificity of Tr->E1-1 is similar to that of elastase. These 
results demonstrate that the substitutions contained in Tr-^El-2, 
i.e., loops 1 and 2, Gly216Val, Gly226Thr, Ilel38Thr, 
Tyrl72Trp, Glnl92Met, Tyr217Ser and the insertion of Thr at 
position 219, are sufficient to convert trypsin into an enzyme 
with elastase-like esterase specificity, although not sufficient 
to reconstitute the activity of elastase. 

The Ilel38Thr, Glnl92Met, and insertion of Thr at 219 
substitutions in Tr-*El-2 are carried over from the parent 
enzyme Tr->Ch[Sl+Ll+L2+Y172W]. It seemed likely that 
substitution of these residues with their elastase counterparts, 
Glnl92Asn, Ilel38Val and Gly at 219, might improve the 
mutant enzymes. In addition, the wall of the SI site of elastase 
formed by residues 214 to 220 contains two extra residues 
and little sequence similarity to trypsin. Substitutions in this 
segment, in addition to the Gly216Thr and the insertion of 
Gly at 219 mutations already mentioned, might also improve 
the elastase-like specificity of the mutant enzymes. Tr— >El-3, 
Tr->El-4 and Tr->El-5 were constructed within this objective. 



The values of k^JK^ for hydrolysis MeOSuc-AAPA-SBzl by 
these mutants are 7- to 12-fold lower than that for hydrolysis 
by Tr— >El-2. AH of these mutants retained the discrimination 
between PI Ala and Phe residues as judged by the ratios of 
KJ^m- Therefore none of these mutant enzymes are an 
improvement over Tr^EU2 although their primary structure 
more closely resembles elastase. In particular, Tr^El-5 con- 
tains substitutions of all the structural elements which were 
required to transfer chymotiypsin-like activity and specificity 
into trypsin, yet it is less elastase-like than Tr->El-2. 

In addition to the SI site, the S3 site has been shown to 
play an important role in the specificity of elastase (Stein 
et al., 1987). The acylation rate of human leukocyte elastase 
(HLE) increases 100-fold upon addition of a P3 residue. This 
observation suggests that the defect in the elastase-like mutants 
might result from the absence of proper P3-S3 interactions. 
However, the S3 site of elastase is comprised of residues 192, 
216 and 217A (Bode et al, 1989); these residues are also part 
of the SI site, and were included in the substitution of Tr— >El-5. 
Therefore the failxire to observe elastase-like activity in the 
mutant enzymes does not result from the incorrect substitutions 
at the S3 site. 

Elastase-like amidase activity is not reconstituted into the 
mutant enzymes 

Amidase activity has more stringent structural requirements 
than esterase activity. Since the mutant enzymes have no more 
than 2.5% of the esterase activity of elastase, it was unlikely 
that they would have any elastase-like amidase activity. As 
expected, neither Tr-^El-1 nor Tr->El-2 catalyze the hydrolysis 
of Ac-AAPA-AMC; the amidase activity of the remaining 
enzymes was not assayed since they have even less esterase 
activity than Tr-»El-l and Tr-^El-2. 

The substitutions may perturb the structure of the activation 
domain of trypsin 

We measured the one dimensional *H-NMR spectra of trypsin 
and Tr->El-2 in order to qualitatively probe the effects of the 
mutations on enzyme structure. Both spectra are characterized 

by dispersed amide protons (7.6-11.2 p.p.m.) and methyl 
protons (0.5-1.5 p.p.m.) characteristic of folded protein struc- 
tures (Figure 2). This observation suggests the substitutions 
do not alter the global structure of the trypsin. However, 
several of the upfield methyl protons resonances of the trypsin 
spectrum have shifted downfield or disappeared in the spectrum 
ofTr->El-2. 

Previous studies of the *H-NMR spectra of bovine trypsin 
and trypsinogen observed a similar shift in the upfield proton 
resonances of trypsinogen relative to trypsin (Perkins and 
Wuthrich, 1980). The structures of trypsin and trypsinogen 
differ in the activation domain, which consists of residues 
8-19, 142-153, 184A-193 and 216-223, and includes the SI 
site, and loops 1 and 2. The activation domain is disordered 
in trypsinogen, and rigid in trypsin. Therefore, disorder in the 
SI site and loops 1 and 2 correlate with shifts in the upfield 
proton spectra. These observations may suggest that the SI 
site and loops 1 and 2 are also disordered in Tr— >El-2. 

Closer examination of these resonances fiirther supports this 
view. The two highest field resonances of bovine trypsin were 
tentatively assigned to Ile73 (-1.0 p.p.m.) and Val227 (-0.8 
p.p.m.). Both of these residues are conserved in rat trypsin, as 
are the neighboring residues, which suggests that similar 
resonances will be observed in the spectrum of rat trypsin 
(Figure 4b, bottom panel). Therefore it is likely that the two 
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highest field resonances at -1.0 and -0.45 p.p.m.) in the rat 
trypsin spectrum can also be assigned to Ile73 and Val227. 
Only one such high field resonance (-0.75 p.p.m.) is observed 
in Tr— >El-2; this resonance could be either IIe73 or Val227. 
Tyrl72 is adjacent to Val227; the Tyrl72Trp substitution in 
Tr-^EU2 is expected to change the shift of this upfield methyl 
resonance. However, none of the substitutions in Tr— >El-2 are 
in the immediate vicinity of Ile73, Therefore changes in 
this methyl resonance suggest a more extensive structural 
perturbation, which is consistent with perturbation of the 
activation domain of Tr^El-2. These observations suggest 
that the failure to reconstitute elastase-like activity, as well 
as the remaining barrier in the conversion of trypsin into 
chymotrypsin, may result from disorder in loops 1 and 2 and 
the SI site. 

Conclusions 

These observations suggest that the structural features which 
determine elastase specificity are different from those which 
confer chymotrypsin specificity. Similarly, Venekei et al. (1996) 
have shown that the analogous substitutions do not convert 
chymotrypsin into a protease with trypsin-like specificity. 
These studies suggest that different structural frameworks are 
required for different substrate specificities. 
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abstract: Trypsin and chymotrypsin differ strikingly in substrate specificities despite great similarity in 
their primary and tertiary structures. This work analyzes the role of two surface loops, loop 40 and loop 
60, as structural determinants of the specificity of the Sl'-subsite in chymotrypsin and trypsin. 
Chymotrypsin prefers ?V Arg/Lys residues, while trypsin prefers hydrophobic PI' residues. We replaced 
loop 40 and loop 60 in trypsin with their chymotrypsin counterparts. These mutations do not affect the 
SI specificity and catalytic activity of trypsin. The 81' specificity was analyzed by monitoring acyl- 
transfer reactions to 16 amino acid amides. The exchange of loop 40 does not affect the ST specificity. 
In contrast, the replacement of loop 60 causes a loss of specificity for PT-Met/Ile/Leu. Combining both 
mutations reconstitutes a chymotrypsin-Iike ST specificity. The specificity for Arg-NH2 increases 3-fold 
while the preferences for Met-NH2 and Ile-NH2 decrease 4- and 8-fold, respectively. Therefore, Pl'- 
Arg/Met discrimination changes by factor 12 and Pl'-Arg/Ile discrimination changes by factor 24. Thus, 
loop 40 and loop 60 act synergistically to determine 81' specificity in trypsin and chymotrypsin. 



A major goal of biochemistry is to understand the 
structural basis of enzyme specificity. The trypsin family 
of serine proteases is an ideal model system for understanding 
this problem. Serine proteases are involved in many 
important physiological processes, including digestion, blood 
coagulation and fibrinolysis. Thus, they have been studied 
for decades and are among the best characterized classes of 
enzymes. The catalytic mechanism of serine proteases is 
well understood and dozens of X-ray crystal structures are 
available (Sweet et al., 1974; Stroud et al., 1974; Bode & 
Schwager, 1975; Huberetal., 1974;Polgar, 1989). Although 
trypsin and chymotrypsin have a very similar tertiary 
structures, they differ strikingly in their substrate specificities. 
Trypsin requires Lys/Arg residues in PI while chymotrypsin 
has a strong preference for Phe/Tyr/Trp in PI [nomenclature 
from Schechter & Berger (1967), Figure 1). Recently, 
chymotrypsin-Iike specificity was transferred into the rat 
trypsin II framework, thus identifying the structural deter- 
minants of SI specificity (Hedstrom et al., 1992; Hedstrom 
et al., 1994; Perona et al., 1995). Surprisingly, the recon- 
stitution of chymotrypsin-Iike activity required the replace- 
ment of two surface loops by the analogous loops of 
chymotrypsin (loop 1 residues 185—188, loop 2 residues 
221-225) in addition to the substitutions in the SI binding 
pocket (D189S, Q192M, I138T, insert T219) (Figure 2). 
These loops do not directly contact the substrates, but coimect 
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82 sr S3' 

Figure 1 : The subsites of proteases according to the nomenclature 
of Schechter and Berger (1967). 

the walls of the SI site. This enzyme, Tr-Ch[SI+Ll-l-L2],' 
has 1% of the amidase activity of chymotrypsin. The 
chymotrypsin-Iike activity is further improved with an 
additional mutation, Y172W, which is also located outside 
the 81 -site. This mutant, Tr-*Ch[SH-Ll+L2-fY172W], 
exhibits 15% of the chymotrypsin activity against amide 
substrates (Hedstrom et al., 1994). These mutant enzymes 
do not bind hydrophobic substrates well, but once bound, 
substrates are processed almost as efficiently as when bound 
to chymotrypsin. This observation illustrates the importance 
of the catalytic step of an enzymatic reaction for substrate 
discrimination. 

Although the substrate specificity of trypsin and chymo- 
trypsin is primarily determined by the 81 site, the other 
subsites also contribute. In particular, S' site interactions 
play a crucial role in the design of highly specific proteases 
and protease inhibitors and the use of proteases as peptide 
ligases (Bastos et al., 1995; Willett et al., 1995; Schellen- 
berger & Jakubke, 1991), The S' subsite specificity has been 
determined for a number of proteases and the maximal 



* Abbreviations: Tr, trypsin; Ch, chymotrypsin; AMC, Amino- 
methylcoumarin. 
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Figure 2: Alignment of trypsin, chymotrypsin, and mutant trypsins. Chymotrypsinogen numbering is used. Periods denote residues which 
are identical to rat tiypsin II, while (-) denotes gaps in the sequences. The designation "SI" refers to the following mutations: D189S, 
Q192M, I138T, insert T219. LI, L2, L40, and L60 refer to the substitution of the designated regions in rat trypsin II with the regions of 
chymotrypsin. 

discrimination between different residues in PI'— P3' usually 
ranges around 10^-fold (Schellenberger et aL, 1993). 

Trypsin and chymotrypsin exhibit markedly different 
preferences for ?V residues (Schellenberger et al., 1994). 
Tiypsin prefers large hydrophobic residues (Met, He), while 
chymotrypsin favors positively charged residues in the PI' 
position. X-ray crystal structures of different trypsin- and 
chymotrypsin-inhibitor complexes reveal strong similarities 
in the backbone conformation of PT— P3' inhibitor residues 
(Bode & Huber, 1 992). A hydrogen bond is formed between 
the carbonyl oxygen of Phe 41 and the amide group of the 
P2' residue and is probably the most important backbone- 
backbone interaction in the S' subsites in these complexes. 
As a consequence of the extended backbone conformation 
of the peptide chain, the PI' and P3' residues point in the 
same direction and in the opposite direction to P2' residue 
(Figure 1). Moreover, acyl-transfer experiments indicate that 
large residues in PI' and P3' compete for similar regions of 
the enzyme surface. Therefore, the S 1' and S3' sites overlap 
and the specificities are similar (Schellenberger et al., 1994). 
The structures of rat trypsin complexed with BPTI (Perona 
et al., 1993) and bovine a-chymotrypsin with OMTKY 
(Fujinaga et aL, 1987) suggest that two surface loops 
comprise the SI' and S3' sites, residues 34-41 (loop 40) 
and 58-64 (loop 60). These loops differ markedly in the 
number and character of residues in trypsin and chymotrypsin 
(Figures 2 and 3), which could explain the differences in 
their SI' specificity. Chymotrypsin's preference for PI' and 
P3' Arg/Lys is attributed to electrostatic interactions with 
Asp 35 and Asp 64. Consistently, Asp 64 forms a water 
mediated salt bridge with P3' Arg in the chymotrypsin- 
OMTKY complex. In contrast, trypsin contains no nega- 
tively charged residues in either loop 40 or loop 60. 
Trypsin's preference for hydrophobic residues in PI' is 
probably the result of the hydrophobic character of the SI' 
site. X-ray structures of other serine protease inhibitor 
complexes suggest that loop 40 and loop 60 are general 
determinants of S'— P' interactions. These surface loops also 
contact the Pr-P3' residues in the kallikrein-BPTI, elastase- 
OMTKY, and thrombin-hirulog 3 complexes (Chen & Bode, 
1983; Bode et al., 1992; Qui et al., 1992). 

Trypsin and chymotrypsin also differ in their 82' specific- 
ity. Interestingly, trypsin prefers positively charged P2' 
residues while chymotrypsin prefers hydrophobic P2' resi- 
dues. The structural determinants of S2' specificity are 
located in analogous regions of both enzymes. In the rat 
trypsin-BPTI complex, Glu 151 forms a sah bridge with 



Figure 3: The SI' sites of trypsin and chymotrypsin. The structures 
of rat trypsin II (dark model, from PDB file Itrm) and bovine 
chymotrypsin (light model, from PDB file 2gch) are shown. The 
side chains of residues 35—41 and 58—64 are depicted in sticks, 
while the main chain is depicted as tubes. This figure was created 
with RAYSCRIPT (obtained from E. Fonatano, D, Peisach, and E. 
Peisach, Brandeis University), a program that uses the input of 
MOLSCRIPT (Kraulis, 1991) to generate input for RAYSHADE 
(Version 4.0, written by C. Kolb and R. Bogart, Princeton 
University). 

P2' Arg; Asn 143 also contacts P2' Arg. In chymotrypsin, 
residue 151 is Thr, while 143 is Leu, thereby accounting for 
chymotrypsin's preference for hydrophobic P2' residues. 

Few studies have addressed the structural basis of S' 
specificity. Recent site directed mutagenesis of thrombin 
identified residues in loop 40 and loop 60 as structural 
determinants of S2' and S3' specificity (LeBonniec et al., 
1996). Site directed mutagenesis of carboxypeptidase Y 
resulted in an altered SI' specificity (Stennicke et al., 1994). 
The introduction of negatively charged residues into the SI' 
site of carboxypeptidase Y dramatic decreased specificity 
for Pr Phe; however, only a modest increase in preference 
for pr Lys was observed with an overall discrimination 
between Lys and Phe of 1.5-fold, In trypsin, S2' specificity 
was changed by creating a metal binding site with the 
mutation of both Asn 143 and Glu 151 to His. Substrate 
P2' His can also coordinate to the metal, thus introducing 
His specificity in S2' (Willett et al., 1996). His specificity 
has also been engineered into the SI' site of subtilisin and 
trypsin through substrate-assisted catalysis (Carter & Wells, 
1987; Corey et al,, 1995). Thus, little is known about the 
structural features which control S' specificity. 
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In this study we describe the engineering of chymotrypsin- 
like Sr specificity into the rat trypsin II framework. Loops 
40 and 60 were replaced with their chymotrypsin counter- 
parts. Together these substitutions cause a shift of ST 
specificity from Met/lie to Arg/Lys PT residues, 

MATERIALS AND METHODS 

Materials, Suc-AIa-Ala-Pro-Phe-AMC, D-Val-Leu-Arg- 
AMC, and D-Val-Leu-Lys-AMC were purchased from 
Enzyme Systems Products (Livermore CA). Amino acid 
amides, dipeptides, dipeptide amides, Z-Arg-AMC, Bz-Arg- 
OEt, Ac-Phe-OMe, Tos-Giy-Pro-Arg-AMC, and Tos-Gly- 
Pro-Lys-AMC were purchased from Bachem. H-Trp-Ala- 
Ala-Ala-Gly-OH was synthesized according to Ullmann and 
Jakubke (1994). Rat chymotrypsin was a generous gift of 
Dr. Laszio Szilagyi (Eotvos Lorand University, Budapest). 
If not otherwise stated, all chemicals were of analytical grade. 

Construction of Trypsin Mutants, Site-directed mutagen- 
esis was performed by the method of Kunkel (1985) as 
described previously (Hedstrom et al., 1992). All mutants 
were completely sequenced in order to ensure that only the 
desired mutations was introduced. The following oligo- 
nucleotides were used (mismatches are underlined): 

(1) L40: GTCTCCCTG 

C AA GAG TCT ACT GGC TTC C AC TTC TGT 

(2) L60: GCA GCT CAC TGC GGT AAG ACC TCC 

GAT GTT GTG GTC GCC GGA GAG CAC AAC 

Trypsin and trypsin mutants were isolated and purified as 
described previously (Hedstrom et al., 1994). 

CD Spectroscopy. Samples contained 0.25 mg/mL en- 
zyme in 50 mM Na-acetate buffer, pH 4, Activity was 
measured before and after CD analysis in order to ensure 
that no degradation of the enzymes occurred. Spectra were 
measured at the far-UV range (190—250 nm) using a 1 cm 
path length cell with a sensitivity of 5 x 1 0"^ response time 
of 2 s at 0.2 nm intervials, and 1 cycle on a Jovin-Yvon Mark 
V autodichrograph. 

Activity of Mutant Trypsins, Assay mix contained 50 mM 
Hepes, pH 8, 10 mM CaCb, and 0.1 M NaCl. Stock 
solutions of AMC substrates were prepared in dimethylfor- 
mamide. The final concentration of dimethylformamide in 
the assay solution was less than 5%. Hydrolysis of the AMC 
substrates was monitored fluorometrically, with excitation 
wavelength of 380 nmi and emission wavelength at 460 nm 
(Zimmerman et ah, 1977). Assays were performed using 
0,2 mL of assay mix containing substrates (usually 0.5 fiM 
to 2 mM) in a PerSeptive Cyto Fluor spectrofluorimeter at 
25 °C. Concentrations of fluorimetric substrates were 
determined by using a standard curve of AMC fluorescence 
at 15 different AMC concentrations (0.2-200 fiM). Data 
were analyzed using KinetAsyst software, and reported 
values are the average of at least two experiments. 

Acyl-Transfer Experiments. Reactions were performed at 
25°C. A 4 mM stock solution of the acyl donors Bz-Arg- 
OEt and Ac-Phe-OMe was prepared daily in water. The Ac- 
Phe-OMe stock contained 1% dimethylformamide. Stock 
solutions of the amino acid amides (30 mM) were prepared 
in assay mix readjusted with NaOH to pH 8. The total assay 
volume was 65 f£L. The final acyl donor concentration was 



2 mM and the nucleophile concentrations 15 mM, calculated 
as unprotonated amino acid amide concentration [N] ac- 
cording to the following equation ([NH]o corresponds to the 
total nucleophile concentration): 

[N] = [NH]o/(l + lOP^-P") (1) 

The acyl-transfer reaction was initiated with 5 fih of enzyme 
stock solution. Enzyme concentration and reaction time were 
adjusted to achieve an ester consumption of 50—80% in order 
to ensure that no secondary hydrolysis of the formed peptide 
product occurred. The reaction was stopped by diluting 50 
fiL of the reaction mixture in 0.3 mL 50% aqueous methanol 
and 1% trifluoroacetic acid. The partition values were 
determined from three to five independent experiments. 
Control experiments without the enzyme were performed in 
order to estimate non enzymatic ester hydrolysis (0—1 .5%). 
HPLC was performed using a Hewlett-Packard 1090LC 
system (Palo Alto, CA) on a Vydac analytical reversed phase 
Ci8 column (Vydac 218TP.54). Samples were eluted under 
isocratic conditions with eluents containing 15—25% aceto- 
nitrile (depending on the nucleophile) in 0.1% aqueous 
trifluoroacetic acid at flow rates of 1.0—1.2 mL min"^ 
Absorbance was monitored at 254 nm (Bz-Arg-OEt) and 220 
nm (Ac-Phe-OMe). The ratio between aminolysis and 
hydrolysis product was calculated from the corresponding 
peak areas. The ratio of extinction coefficients of the sample 
components was obtained by hydrolysis experiments ac- 
cording to Ullmann et al., (1994). 

RESULTS AND DISCUSSION 

Design of Mutant Trypsins. We constructed four mutant 
trypsins in order to probe the role of loop 40 and loop 60 in 
determining the ST specificity of trypsin and chymotrypsin 
(Figure 2). T/— Ch'[L40] and Tr'— Ch'[L60] contain the 
amino acid sequence of chymotrypsin in positions 34—39 
and 59—68, respectively (chymotrypsinogen numbering). 
Tr'--*Ch'[L40+L60] combines both mutations. In addition, 
a fourth mutant was constructed from the chymotrypsin- 
like mutant Tr-Ch[Sl+Ll+ L2+Y172W] in order to probe 
the interdependence of SI and ST specificity (Hedstrom et 
al., 1994). This mutant, Tr--Ch[Sl+Ll+ L2+Y172W+ 
L40+L60], also contains both loop 40 and loop 60. All four 
mutant trypsins are expressed in a Saccharomyces cerevisiae 
system (Hedstrom et al., 1994). They were purified using 
standard methods and remained stable in 1 mM HCl. 

The Secondary Structures of T/^Ch' [L40+L60] and 
Tr-*Ch[SI-\-LJ'^L2-\- Y}72W^L4(H-L60] Differ from Trypsin, 
Figure 4 shows the CD spectra of Tr'— Ch'[L40+L60], 
Tr— Ch[SH-Ll+L2+Y172W-f-L40+L60], trypsin, and bo- 
vine chymotrypsin. The spectra of the mutant enzymes 
display substantial changes in the 200—220 nm range. The 
CD spectrum in this wavelength range is determined by the 
secondary structure of the protein. The minimum of the 
spectrum of trypsin is 21 1 nm while that of chymotrypsin is 
204 nm. Interestingly, the minimum of the spectra of the 
mutant enzyme is shifted to lower wavelengths, which may 
suggest that the structure of these enzymes is more chymo- 
trypsin-like. 

Activity of Mutant Trypsins. The hydrolysis of amide 
substrates by the mutant trypsins was characterized in order 
to assess the influence of loop 40 and loop 60 on SI 
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Figure 4: CD spectra of trypsin, chymotrypsin, and mutant 
enzymes. Samples contained 0.25 mg/mL enzyme in 50 mM 
Na-acetate buffer pH 4. Spectra were measured at the far UV 
range (190—250 nm) using a 1 cm path length cell with a sensitivity 
of 5 X 10"^ response time of 2 s at 0.2 nm intervals, and 1 
cycle on a Jovin-Yvon Mark V autodichrograph. Closed 
circles, rat trypsin S195A; open circles, bovine chymotrypsin; 
closed boxes, Tr'-*Ch'[L40+L60]; open boxes Tr-Ch- 
[S 1 H-Ll -HL2+ Y 1 72 W+L40+L60]. 



Table 1: Steady-State Kinetic Parameters for the Hydrolysis of 
Substrates by Trypsin and Trypsin Mutants" 
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1.5 X 10* 


D-Val-Leu-Arg-AMC 


13 


4 


3.6 X 105 


D-Val-Leu-Lys-AMC 


106 


6 


5.3 X 10* 


Z-Arg-AMC 


79 


0.6 


7.0 X 103 




Tr'-<:h'[L60] 






Tos-Gly-Pro-Arg-AMC 


5 


31 


6.3 X 106 


Tos-Gly-Pro-Lys-AMC 


15 


19 


1.3 X 10^ 


D-Val-Leu-Arg-AMC 


19 


7 


3.7 X 10^ 


D-Val-Leu-Lys-AMC 


215 


6 


2.7 X 10* 


Z-Arg-AMC 


31 


0.3 


8.5 X 10^ 


Tr'-<:h'[L40]+L60] 




Tos-Gly-Pro-Arg-AMC 


4 


9 


2.0 X 10^ 


Tos-Gly-Pro-Lys-AMC 


18 


10 


7.5 X 10* 


D-Val-Leu-Arg-AMC 


45. 


2 


7.8 X 10* 


D-Val-Leu-Lys-AMC 


66 


2 


3.7 X 10* 


Z-Arg-AMC 


58 


0.3 


5.2 X 10^ 


Tr— Ch [S1+L1+L2+Y172W4-L40+L60] 


Suc-AlaAlaProPhe-AMC 


>3000^ 


>30 


9.0 X 10^ 


Tr-Ch [SH-L1+L2+Y172W]'' 




Suc-AlaAlaProPhe-AMC 


>3000 


>30 


9.3 X 10^ 



" Conditions: 50 mM Hepes, pH 8, 100 mM NaCl, 10 mM CaCIj, 
30 °C, Acx = 380 nm, = 460 nm. * Hedstrom et al.; 1994. ^No 
saturation with 1 mM substrate, 37 ''C; all errors are less than 15%. 
''Hedstrom etal., 1996, 



specificity. Tr'-*Ch'[L40], Tr'— Ch'[L60], and Tr'--Ch'. 

[L40+L60] are very similar to trypsin as shown by the 
Michaelis-Menten parameters in Table 1. Like trypsin, the 
mutant enzymes hydrolyze oligopeptide substrates much 
more efficiently than single amino acid substrates (by a factor 
of 10^ as measured by W^m). This observation underlines 
the role of S2— S4 subsites for specific and efficient substrate 
processing. As expected, the mutations in loop 40 and loop 
60 do not influence the primary specificity and enzymatic 
activity of trypsin. Similarly, the chymotrypsin-like mutant 
Tr-*Ch[SH-Ll+L2+Y172W+L40+L60] exhibits an iden- 



Scheme 1 : Mechanism for Serine Protease Catalyzed 
Acyl-Transfer Reactions^ 

9 ff • ff 9 

E-OH + R-C-X ^^(E-OH • R^-Xl V ■ E-O-C-R — r—^ E-OH 4 R-C-Or 

? t 9 

lE.OC-R-H2N.RI — E-0H+ R-C-NH.R 

" Enzyme is denoted E-OH, acyl donor is R-COX, where X is the 
leaving group, R'-NHa is the nucleophile. 

tical value of ^cat/^M for the hydrolysis of Suc-Ala-Ala-Pro- 
Phe-AMC as Tr-Ch[SH-LH-L2+Y172W]. 

Determination of SI' Specificity. SV specificity can be 
determined by monitoring acyl-transfer reactions with added 
nucleophiles. This reaction is the reverse of peptide hy- 
drolysis and therefore provides analogous specificity data 
(Scheme 1; Fersht et al., 1973; Schellenberger & Jakubke, 
1991 ; Schellenberger et al., 1993). This postulate has been 
validated for a number of serine and cysteine proteases (Stein 
et al., 1987; Schellenberger et al., 1994; Ullmann & Jakubke, 
1994). Since the acyl group of a substrate (R-COX, which 
is usually an ester) can be transferred both to water and R'- 
NH2, two products are formed: R-CO2H and R-CO-NHR', 
respectively. The ratio between hydrolysis and aminolysis 
is determined by the S' specificity of the protease. The 
partition value p describes acyl-transfer efficiency and 
therefore the ST specificity of a protease, p is defined 
according to Scheme 1 as 

p = [R'-NHJ(i;H/yA) = W*4 (2) 

where vh and Vfi, represent the velocities of hydrolysis and 

aminolysis, respectively. The partition value can be deter- 
mined from the product ratios when R'-NH2 is in excess: 

p = [R'-NH2]o[R-C02H]/[R-CONH-R'] (3) 

where [R'-NH2]o is the initial nucleophile concentration and 
[R-CO2H] and [R-CONH-R'] represent the product concen- 
trations. In this work, we will utilize the parameter \/p in 
order to emphasize the aminolysis reaction. Consequently, 
an increase in the value \/p can be directly correlated with 
the preference of the protease for a given R'-NH2. Therefore, 
the Sr specificity of trypsin and the mutant enzymes was 
determined by measuring \/p for 16 amino acid amide 
nucleophiles, using Bz-Arg-OEt and Ac-Phe-OMe as the acyl 
donors as appropriate. 

SI' Specificity of Trypsin, Chymotrypsin, and Tr~^Ch- 
[SJ+LJ+L2-\-YJ72WJ. Figure 5, panels a and b, shows the 
\/p values for the trypsin and chymotrypsin-catalyzed acyl- 
transfer reactions. These values are consistent with literature 
data (Fersht et al., 1973; Schellenberger & Jakubke, 1991; 
Gololobov et al., 1992). In chymotrypsin-catalyzed reac- 
tions, \/p for Arg-NH2 is 3-5-foId higher than \/p for 
aromatic amino acid amides and 8-fold higher than \/p for 
aliphatic amino acid amides, while the specificity for small 
and negatively charged amino acid amides is 50— 500-fold 
lower. This result does not agree with previous observations 
of Schellenberger et al. (1993), who measured acyl-transfer 
to pentapeptide nucleophiles and observed a much lower 
preference for aromatic PT residues. Therefore, we per- 
formed acyl-transfer reactions to H-Trp-Ala-Ala-Ala-Gly- 
OH with chymotrypsin. \/p decreases 6-fold for H-Trp- Ala- 
Ala- A la-Gly-OH compared to 1/p for H-Trp-NH2 (data not 
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Figure 5: ST specificity of trypsin, chymotrypsin and mutant enzymes. Assays were performed at 25 °C in assay mix (SO mM Hepes, pH 
8, 10 mM CaCl2, 100 mM NaCl, 0.01% Triton) containing 2 mM Bz-Arg-OEt or Ac-Phe-OMe and 15 mM R-NHa. Reactions were started 
with enzyme. Reactions were stopped by the addition of 50% methanol and 1%TFA after 50—80% of the ester was consumed. Products 
were analyzed via reversed phase HPLC (Vydac CAT 218TP54, 12-20% acetonitrile, A = 254 and 220 nm). The partition value was 
calculated as /? = [Ac-0H][R-NH2]/[Ac-NH-R]. Since PI-NH2] » [Bz-Arg-OEt] and Ac-Phe-OMe, it can be assumed that PI-NH2] remains 
constant during the course of reaction, (a) Wild-type rat trypsin. The value of \/p for acyltransfer to Gly-NH2 is 0.0015. (b) Rat chymotrypsin. 
The value of Up for acyltransfer to GIy-NH2 is 0.0032, for acyltransfer to GIn-NH2 is 0.0032, and for acyltransfer to GIU-NH2 is 0.0010. 
(c) Tr — Ch[SH-LH-L2+Y172W]. The value of Up for acyltransfer to Gly-NH2 is 0.0018. (d) Ti— Ch[SH-Ll+L2H-Y172W+L40+L60]. 
The value of Up for acyltransfer to Gly-NHj is 0.0009. (e) Tr'-<:h'[L40]. The value of \/p for acyltransfer to Gly-NH2 is 0.0017. (f) 
Tr'-*Ch'[L40]. The value of l/p for acyltransfer to Gly-NH2 is 0.0012. 



shown). This observation implies that FT aromatic residues 
have different binding modes in oligopeptide nucleophiles 
and amino acid amide nucleophiles in chymotrypsin. 

In trypsin-cataiyzed acyl-transfer reactions, the values of 
l/p for Met-NH2 and lle-NH2 are 1.5-3-foid higher than 
for Phe-NH2 and 5-fold higher than for Arg-NH2. Again, 
the specificity for small and negatively charged amino acid 
amides is low, although the specificity for negatively charged 
residues is much higher than in chymotrypsin. These data 
are consistent with the values for the analogous pentapeptide 
nucleophiles (Schellenberger et al., 1993). 

SJ' Specificity of Mutant Trypsins. Surprisingly, the 
exchange of the loop 40 in trypsin has only a modest effect 
on the sr specificity of trypsin. The specificity for 
positively charged residues in PI' is only minimally increased 
and the SI' specificity for all other nucleophiles remains 
unchanged (Figure 5e). This observation suggests that loop 
40 does not influence the ST specificity. 

Figure 5g shows that the subsfitution of loop 60 in trypsin 
causes a 5- 1 5-fold decrease in specificity for aliphatic amino 
acid amides. While the preference for most nucleophiles 
remained constant or dropped, moderate increases in the 



values of \/p for Arg-NH2 and Gln-NH2 are observed. 
Consequently, Tr'^Ch'[L60] prefers PT Arg and Phe. 
Nevertheless, the replacement of loop 60 with the analogous 
chymotrypsin sequence does not create a strong preference 
for Arg-NH2 as observed in chymotrypsin. 

While alone loop 40 and loop 60 fail to reconstitute 
chymotrypsin-Iike ST specificity, the mutant combining 
substitutions in both loops, Tr'— Ch'[L40-l-L60], has a 
dramatically changed S/ specificity with a strong preference 
for Pr Arg. Figure 5f shows that l/p for acyl-transfer to 
Arg-NH2 is increased 3-fold relative to trypsin. The 
specificity for Lys-NH2 is 2.5-fold higher than in trypsin. In 
contrast, the preference for Leu-NH2, Ile-NH2, and Met-NH2 
is decreased 4 - 8-fold. Therefore, the exchange of both 
loop 40 and loop 60 increases the relative FT Arg/Met 
discrimination of trypsin by factor 12 and the PI' Arg/Ile 
preference by factor 24. The specificity for the other 
nucleophiles is similar to trypsin. Surprisingly, Tr'— ^Ch'- 
[L40-I-L60] retains trypsin-like specificity for negatively 
charged nucleophiles despite the introduction of two Asp 
residues. Overall the values of l/p for TK— Ch'[L40+L60] 
remain about 7-fold lower than those observed for chymo- 



Engineering the ST Specificity of Trypsin 

trypsin-catalyzed acyl-transfer reactions. Nevertheless, the 
ratio between the values of Mp for Arg-NH2 and Met-NH2 
are similar for Tr'-*Ch'[L40+L60] and chymotrypsin. Thus, 
our data demonstrate that loop 40 and loop 60 work syner- 
gistically to determine the chymotrypsin-like ST specificity. 

Interdependence of SI and ST subsite. Table 1 and Figure 
5 reveal that dramatic changes in the character of the S' 
subsite can be introduced without significant influence on 
the primary specificity of the enzyme. Acyl-transfer experi- 
ments were performed with Tr-Ch[Sl+LH-L2+Y172W] 
and Tr— Ch[Sl +L1+L2+Y172W+L40+L60] in order to 
further assess the influence of the SI subsite on ST 
specificity. No differences in ST specificity ofTx^-^M- 
[Sl+Ll +L2+Y172W] and trypsin are observed as mea- 
sured by acyl-transfer to amino acid amides as nucleophiles 
(Figure 5, panels a and c). This result is in apparent conflict 
with Schellenberger et al. (1993), who observed a significant 
decrease in specificity for PI' Phe/Tyr/Trp containing 
pentapeptide nucleophiles in the chymotrypsin-like mutant 
Tr'-*Ch'[Sl+Ll+L2] compared to trypsin. Therefore, we 
performed acyl-transfer reactions to H-Trp-Ala-Ala-AIa-Gly- 
OH with Tr-Ch[Sl+Ll+L2 +Y172W]. \/p decreases 
4-fold for H-Trp-Ala-Ala-Ala-Gly-OH compared to H-Trp- 
NH2 (data not shown). As discussed above, similar differ- 
ences in acyl-transfer to PI' aromatic amino acid amides and 
oligopeptides have been observed in chymotrypsin. In 
contrast, no significant difference in specificity for H-Trp- 
Ala-Ala-Ala-Gly-OH and H-Trp-NH2 was obtained for 
trypsin and Tr'^Ch'[L40+L60]. Thus, PI' aromatic residues 
have different binding modes in oligopeptide and amino acid 
amide nucleophiles in chymotrypsin-like enzymes, but not 
in trypsin-like enzymes. This observation indicates that the 
SI subsite can have modest influence on ST specificity. 

Figure 5d shows the acyl-transfer data for Tr-*Ch- 
[S1+L1+L2+ Y172W-fL40+L60] with Ac-Phe-OMe as the 
acyl donor. Again the simultaneous substitution of loop 40 
and loop 60 strongly affects the SI' specificity. Since \lp 
for Arg-NH2 increases 5-fold while Met-NH2 and IIe-NH2 
drop 4-8-fold, the PI' Arg/Met and Arg/Ile discrimination 
changed 20-40-fold relative to the parent enzyme. As in 
Tr'-^ Ch'[L40+L60], no change is observed in \/p for Phe- 
NH2, Tyr-NH2, and Trp-NH2 compared to the parent enzyme. 
The values of \/p for small. and negatively charged residues 
are comparable to Tr— Ch[Sl+L14-L2+Y172W]. Tr'— 
Ch'[Sl+Ll-hL2-h Y172W+L40 +L60] has a 1.6 fold higher 
Pr Arg preference than TK-* Ch'[L40-f L60]. This observa- 
tion further indicates that the SI site can have a modest effect 
on Sr specificity. 

The Mutation of Loop 40 and Loop 60 Causes a Change 
in the Kinetic Course of the Acyl-Transfer Reaction. Scheme 
1 requires that the product ratio [R-CONH-R']/ [R-CO2H] 
is linearly dependent on the R'-NH2 concentration. This 
dependence is observed for trypsin-catalyzed acyl-transfer 
to Arg-NHz , as well as for Tr— Ch[Sl+Ll+L2+Y172W]- 
catalyzed acyl-transfer to Arg-NH2 (Figure 6). How- 
ever, data for Tr'— Ch'[L40+L60] and Tr— Ch- 
[S1+L1+L2+Y172W+L40 +L60].catalyzed acyl-transfer 
to Arg-NH2 do not fit this model. Figure 6 shows [R-CONH- 
R']/[R-C02H] is not linearly dependent on R-NH2 for both 
of these mutant enzymes. This deviation occurs at much 
higher nucleophile concentrations than those used in the 
previous experiments, and thus does not change the conclu- 
sions based on Figure 5. This deviation may result from a 
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Figure 6: Dependence of pl-CO-NH-R']/[R-COO-] on [R'-NHz]. 
Conditions as described in Figure 5. (a) Open circles, T/— * 
Ch'L40+L60], closed circles, rat tiypsin. (b) Open circles, Tr-^h- 
[S1+L1+L2+Y172W+U0+L60]; closed circles, Ti— Ch- 
[SH-L1+L2+Y172W]. 

Scheme 2: Alternative Mechanism of Serine Protease 
Catalyzed Acyl-Transfer Reactions" 

0 0 0 o 

E-OH + R-C-X :^^[E.OH • R-C-XJ V » E-O^I K — r-^ E-OH + R-C-O' 
X k\ jf 

0 I' X 0 
II ^ u 
(E-0C-R*H2N-R'I »-E-OH<t> R-C-NH-R 

" Enzyme is denoted E-OH, acyl donor is R-COX, where X is the 
leaving group, R'-NH: is the nucleophile. 

change in ionic strength or other solvent properties due to 
high R'-NH2 concentrations. However, we do not favor this 
explanation because this effect is not observed in the parent 
enzymes. Alternatively, this deviation is consistent with the 
model shown in Scheme 2, where the acyl enzyme- 
nucleophile complex can undergo both hydrolysis and 
aminolysis (Schellenberger & Jakubke, 1991; Gololobov et 
al., 1993). In this model, [R-CONH-R']/[R-C02H] = kA/ks 
at infinite R'-NH2 concentrations. Thus the mutations in loop 
40 and loop 60 appear to change the kinetic course of the 
acyl-transfer reaction. The hydrolysis of the acyl enzyme— 
nucleophile complex indicates that R'-NH2 binds nonpro- 
ductively to the acylenzyme. This nonproductive binding 
mode suggests that the new SI' sites are defective. 

Summary, This work demonstrates that the S 1' specificity 
of trypsin and chymotrypsin is synergistically determined 
by two surface loops, loop 40 and loop 60. However, neither 
TK-<:h'[L40+L60] nor Tr'— Ch'[S 1 +L 1 +L2+ Y 1 72 W-I-L40 
+L60] are equivalent to chymotrypsin in the acyl-transfer 
efficiency, which indicates that additional structural deter- 
minants of the Sr specificity in trypsin and chymotrypsin 
remain to be identified. 
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